With the increase in the demand for bitumen, it has become essential for pavement engineers to ensure that construction of sustainable pavements occurs. For a complete analysis of the pavement, both its structural and functional performances are considered. In this study, a novel material (i.e., Graphene Nano-Platelets (GNPs)) has been used to enhance both of the types of pavements' performances. Two percentages of GNPs (i.e., 2% and 4% by the weight of the binder) were used for the modification of asphalt binder in order to achieve the desired Performance Grade. GNPs were homogeneously dispersed in the asphalt binder, which was validated by Scanning Electron Microscope (SEM) images and a Hot Storage Stability Test. To analyze the structural performance of the GNPs-doped asphalt, its rheology, resistance to permanent deformation, resistance to moisture damage, and bitumen-aggregate adhesive bond strength were studied. For the analysis of the functional performance, the skid resistance and polishing effect were studied using a British Pendulum Skid Resistance Tester. The results showed that GNPs improved not only the rutting resistance of the pavement but also its durability. The high surface area of GNPs increases the pavement's bonding strength and makes the asphalt binder stiffer. GNPs also provide nano-texture to the pavement, which enhances its skid resistance. Thus, we can recommend GNPs as an all-around modifier that could improve not only the structural performance but also the functional performance of asphalt pavements.
Introduction
Bitumen is considered to be an essential component of roadways and its demand is increasing with each passing day. According to the Asphalt Institute, 87 million tons of bitumen are produced per year around the globe [1] . A major chunk of this production, approximately 85% of the bitumen, is used in the paving industry. With the increase in traffic loads, the need for progress in pavement technology is also increasing. The early failure of pavement calls for its reconstruction, which results in an increased demand for bitumen. In order to conserve the resources, it is necessary to ensure the construction of sustainable pavements.
arrangement. The stacking, rolling, and wrapping of graphene results in the formation of graphite, CNTs, and fullerenes, respectively. Thus, graphene can be labeled as a building block in the formation of the allotropes of carbon [11] .
For this study, GNPs were procured from Advanced Chemical Suppliers (ACS) Materials, Pasadena, CA, USA. These GNPs were prepared using the interlayer cleavage method. Table 1 shows the properties of the procured GNPs. The shape ratio (diameter/thickness) and specific surface area are the two main properties of GNPs that are responsible for imparting the structural strength to GNPs-doped asphalt. For this study, 60/70 Penetration Grade bitumen was used. It was procured from the Attock Oil Refinery Limited, Pakistan.
Aggregates
The source of the aggregates used for this research was Margalla Quarry, Punjab, Pakistan. It is a local quarry of limestone. Table 2 shows the qualitative properties of the aggregates obtained from the Margalla Hills [12] . The National Highway Authority Class B (for wearing course), which is specified as a finer gradation, was used for the preparation of the asphalt mixtures. Figure 1 represents the midpoint gradation curve for the National Highway Authority (NHA) Class B.
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Preparation of GNP-Modified Asphalt
In Pakistan, the asphalt binder selection is currently based upon penetration grading, whereas pavement engineers around the globe are adopting performance grading (PG). The concept of performance grading is based around the idea that the properties of the asphalt binder should be in accordance with the requirements put forth by the environmental conditions of the area in which it is used. According to the temperature zoning of Pakistan, in 70% of areas the required performance grade of a binder is 70-10 [13, 14] . Unfortunately, PG 70-10 binder is not produced in any of the oil refineries in Pakistan [13] . The PG of the binder used in this study was 58-22, which is much softer than the required PG 70-10. The high PG values are more of a concern, as the temperature hardly falls below 0 °C in most of the areas of Pakistan. The aim of the study was to achieve a PG of 70 using GNPs. For this research, two percentages of GNPs were used (2% and 4%) by weight (23% and 46% by volume) of the binder. This choice was made on the basis of the performance grade, as PG 64 was achieved when 2% of GNPs were added to the binder and PG 70 was achieved upon the addition of 4% of GNPs. For performance grading, a Dynamic Shear Rheometer was used. The frequency was set as 10 rad/s and 25 mm geometry was used. The initial temperature was set at 58 °C. The highest temperature, where the value of G*/sinδ(kPa) was reduced to 1.0 kPa or less, was termed the high-temperature performance grade (PG) of the binder. The variation in the performance grade of the binder after its modification with GNPs is presented in Figure 2 . The PG of the base binder was 58 °C and it failed at 62.7 °C. Upon the addition of 2% of GNPs, the PG increased by one level, i.e., 64 °C. The failure temperature also increased from 62.7 °C to 65.7 °C. A more pronounced change was observed when 4% of GNPs were added to the asphalt binder. PG 70 was achieved after modifying the binder with 4% of GNPs and the failure temperature was 71.5 °C. The trend shows that, with the addition of GNPs to the asphalt binder, its performance grade increases. 
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Prior to the mixing process, the asphalt binder was heated in an oven for 30 min at 158 ± 5 • C. A glass rod was used to mix the GNPs into the binder for 10 min at 158 ± 5 • C [8] . In order to ensure homogeneous mixing of the GNPs in the asphalt binder, Scanning Electron Microscope (SEM) (Vega3, TESCAN, Czech Republic) images were taken. The Scanning Electron Microscope has been shown in Figure 3 . Figure 4 shows the SEM image of the GNPs, in which the plate-like/flaky morphology of the GNPs can be seen. Figure 5 is the SEM image of the GNPs dispersed in the asphalt binder. In the image, homogeneously dispersed GNPs are visible in the binder. Prior to the mixing process, the asphalt binder was heated in an oven for 30 min at 158 ± 5 °C. A glass rod was used to mix the GNPs into the binder for 10 min at 158 ± 5 °C [8] . In order to ensure homogeneous mixing of the GNPs in the asphalt binder, Scanning Electron Microscope (SEM) (Vega3, TESCAN, Czech Republic) images were taken. The Scanning Electron Microscope has been shown in Figure 3 . Figure 4 shows the SEM image of the GNPs, in which the plate-like/flaky morphology of the GNPs can be seen. Figure 5 is the SEM image of the GNPs dispersed in the asphalt binder. In the image, homogeneously dispersed GNPs are visible in the binder. Prior to the mixing process, the asphalt binder was heated in an oven for 30 min at 158 ± 5 °C. A glass rod was used to mix the GNPs into the binder for 10 min at 158 ± 5 °C [8] . In order to ensure homogeneous mixing of the GNPs in the asphalt binder, Scanning Electron Microscope (SEM) (Vega3, TESCAN, Czech Republic) images were taken. The Scanning Electron Microscope has been shown in Figure 3 . Figure 4 shows the SEM image of the GNPs, in which the plate-like/flaky morphology of the GNPs can be seen. Figure 5 is the SEM image of the GNPs dispersed in the asphalt binder. In the image, homogeneously dispersed GNPs are visible in the binder. According to the General Specifications of the National Highway Authority (NHA) of Pakistan, two aggregate gradations named class "A" and "B" are used for the construction of asphalt pavement wearing courses. Class A is coarser, while class B is finer [15] . For this study, the asphalt mixtures were prepared using the NHA class B aggregate gradation for the wearing course (19.5 mm Nominal Maximum Aggregate Size). To determine the Optimum Binder Content (OBC) of the GNP-modified asphalt, the Marshall Method of Mix Design was adopted. The asphalt mixes were prepared using a base binder and GNP-modified binders. Throughout the design, 5.5% of the air voids were maintained, which is the mean of the specified range of the in-place air voids (3% to 8%) according to the Asphalt Institute Manual Series-2 (MS-2). The OBCs of the three types of mixes are reported in Table 3 . 
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According to the General Specifications of the National Highway Authority (NHA) of Pakistan, two aggregate gradations named class "A" and "B" are used for the construction of asphalt pavement wearing courses. Class A is coarser, while class B is finer [15] . For this study, the asphalt mixtures were prepared using the NHA class B aggregate gradation for the wearing course (19.5 mm Nominal Maximum Aggregate Size). To determine the Optimum Binder Content (OBC) of the GNP-modified asphalt, the Marshall Method of Mix Design was adopted. The asphalt mixes were prepared using a base binder and GNP-modified binders. Throughout the design, 5.5% of the air voids were maintained, which is the mean of the specified range of the in-place air voids (3% to 8%) according to the Asphalt Institute Manual Series-2 (MS-2). The OBCs of the three types of mixes are reported in Table 3 . 
The storage stability is an integral parameter to consider while working with binders modified with nanoparticles. A Hot Storage Stability Test was carried out to check whether the suspension of the GNPs in the bitumen was stable for storage or not. This test was performed according to BS EN 13399 (2017) . During this, 50 g of GNP-modified binder was poured into an aluminum tube. It was kept in the oven at 163 • C for 72 h. After the sample was taken out, it was cut into three sections. The top and bottom sections were heated and poured into rings for a softening point test. For a stable storage sample, the difference in the softening point of the top and bottom sections should be less than 2.2 • C. Although the softening point test is the most common method to determine the storage stability, it is not highly accurate [16] . For accuracy, the performance grades of all of the three sections were also determined by using a Dynamic Shear Rheometer (DSR) to ensure the homogeneous mixing of the GNPs in the binder.
The softening point results for the top and bottom sections of the tube are shown in Table 4 . According to the results, the difference between the softening point of the top and bottom sections of the 2% and 4% GNP-modified binder was less than 2.2 • C. This indicates that the GNP-modified asphalt binder is a stable storage blend [17] .
The performance grades of the top and bottom sections of the samples for all of the blends were also determined using a DSR to ensure the homogeneous dispersion of the GNPs in the asphalt binder, as the rheological characterization of the binder is affected by its composition [16] . The performance grades of the binders did not vary between the sections.
Study of the Structural Performance
Conventional Testing and Rheological Analysis of the Binder
• Conventional Binder Testing
The penetration, softening point, and ductility tests were performed in accordance with ASTM D5-13, ASTM D36-76, and ASTM D113-99, respectively.
• Study of the Rheology of the Binder Using a Dynamic Shear Rheometer
The rheological parameters of the binder, such as the Complex shear modulus (G*), Phase angle (δ), and Superpave Rutting factor (G*/sinδ), were determined using an Anton Paar Dynamic Shear Rheometer (DSR). Two tests were performed in accordance with AASHTO T 315 (High-Temperature Performance Grading and a Frequency Sweep Test).
The range of frequencies used for the frequency sweep test was 10 to 0.1 rad/s. The range of temperatures used was 20 • C to 70 • C. Both of the geometries (8 mm and 25 mm) were used. In this test, oscillatory shear stress is used at a constant strain level to determine the storage and loss modulus at the given range of frequencies and temperatures. The test data obtained were fitted to develop master curves using the sigmoidal function, as described by the mechanistic-empirical pavement design guide (MEPDG). Master curves were constructed at a reference temperature of 50 • C by giving a horizontal shift to the data obtained from each test temperature. A temperature of 50 • C was selected because the main focus of the study was to analyze the high-temperature performance of the binder. Before the Frequency Sweep test, a Strain Sweep test was performed at each testing temperature in strain-controlled mode. The complex shear modulus (G*) was measured and the percent strain value at which the complex shear modulus was reduced to 95% of its initial value was noted as a threshold for the linear viscoelastic (LVE) region. Based on this, the strain limit for the base binder was kept at 10%, whereas it was 0.45% for the GNP-modified binder.
Permanent Deformation Analysis
• Study of the Rut Resistance
The rut resistance of asphalt was studied at 40 • C and 55 • C using a Cooper Wheel Tracking Machine. The standard followed for this test was BS EN12697-22. The asphalt mix was prepared at 158 ± 5 • C and compacted to form slabs, with the help of a compacting machine, until the target of 5.5% air voids was achieved. Three slabs were prepared for each test condition. The dimensions of the slabs were 305 mm × 305 mm × 50 mm. The load applied by the wheel tracking machine was 700 N. The thickness of the wheel was 50.8 mm and its diameter was 203.2 mm. The speed of Appl. Sci. 2019, 9, 686 8 of 19 the machine was 26.5 rpm. Each slab was subjected to 10,000 loading cycles and the rut depth was measured. The wheel-tracking slope should be expressed in mm per 10 3 load cycles and calculated using Formula (1) .
where WTS AIR is the wheel-tracking slope (mm/10 3 load cycles) and d 5000 and d 10000 are the rut depths (mm) after 5000 load cycles and 10,000 load cycles, respectively.
• Determination of the Dynamic Modulus of Asphalt
The ratio of the peak-to-peak stress to the peak-to-peak strain is termed the Dynamic Modulus. A Dynamic Modulus test was performed using the Servo-Pneumatic Universal Testing Machine NU-14 (Cooper, Ripley, UK). This test is also termed as a viscoelastic test in which sinusoidal loading is applied. The standard followed for this test was in accordance with AASHTO TP 62-8. Cylindrical specimens of asphalt were prepared using a Superpave Gyratory Compactor (Controls, Milan, Italy), with a diameter of 152.4 mm and a height of 172.72 mm. Samples with a diameter of 101.6 mm and a height of 152.4 mm were extracted using a core cutter machine. Three samples were prepared against each test condition. The test was performed at 40 • C and 55 • C. The loading frequencies were 25, 10, 5, 1, 0.5, and 0.1 Hz. The loads applied at 40 • C and 55 • C were 195 kPa and 53 kPa, respectively. The Dynamic Modulus was recorded with the help of Linear Variable Differential Transformers (LVDTs).
Durability Analysis
• Moisture Susceptibility Analysis (Rolling Bottle Test) A Rolling Bottle test was carried out to study the moisture sensitivity of the asphalt. The test was performed in accordance with BS EN 12697-11:2005. The 6.3 mm to 10 mm of aggregates' fraction sieved was used as per the standard EN 12697-2. The weight of the aggregates was 170 g. The weight of the binder was 8 g. The aggregates were heated and uniformly coated with the binder. 150 g of aggregate coated with binder was placed in the bottle. 400 mL of distilled water was added to the bottle. Two samples were prepared against each binder. All of the bottles were placed in the rolling bottle machine. The speed of the machine was 60 revolutions per minute. The samples were taken out and studied for the percentage of bitumen coverage after 6, 24, 48, and 72 h.
• Bitumen-Aggregate Adhesion Analysis
The Bitumen Bond Strength was studied using a Pneumatic Adhesion Tensile Test Instrument (PATTI). The standard followed for this test was ASTM D 4541. Plates of limestone were prepared by cutting out slabs. The dimensions of the slabs were 381 mm × 152.4 mm × 50.8 mm. The slabs were cleaned for 60 min in an ultrasonic cleaner at 60 • C and then heated in the oven at 150 • C for an hour. Prior to the start of the test, the binder, stubs, and slabs were heated in the oven for 30 min at 75 • C. The type of stubs used for the test was F-4, with a diameter of 12.7 mm. 0.04g of bitumen was placed on the stub and then the stub was placed on the slab. Three samples were prepared against each binder. The samples were tested after 12 h of conditioning at room temperature. The PATTI gives the value of burst pressure at which the stub gets detached from the substrate, which was converted to the Pull-Off Tensile Strength (POTS) by using the following Formula (2).
where: In order to study the surface texture of aggregates coated with GNP-modified binder, images from a digital camera were captured. To observe it in detail, SEM images were used. The samples were prepared and sputtered before observation under the SEM.
Study of the Skid Resistance and Polishing Effect
A British Pendulum Skid Resistance Tester was used to study the skid resistance of the asphalt. This test was performed in accordance with ASTM E303-93(2013). Before subjecting the asphalt slabs to the Wheel Tracking Machine, their surfaces were tested for their skid resistance. The British Pendulum Skid Resistance Tester gave us a British Pendulum Number (BPN) against each asphalt mix. The higher the BPN, the higher the skid resistance is. After the completion of the Wheel Tracking Test (10,000 loading cycles), the skid resistance was checked again on the path developed due to the continuous movement of the wheel. This was done in order to study the polishing of the asphalt surface due to the movement of the wheel on the asphalt.
Results and Discussion
Conventional Testing Results
The results of the conventional tests performed in the laboratory to study the physical properties of the binders are presented in Table 5 . It was observed that the addition of the GNPs to the binder reduced its penetration value. Reductions of 34% and 48% in the penetration values were recorded after the addition of 2% and 4% of GNPs, respectively. An inverse relationship between the GNP content and binders' penetration value can be seen. An increase in the GNP content led to a decrease in the penetration value, which validated the stiffening of the binder. In the same way, the results of the softening point also depict the stiffening of the binder. The softening point of the binder increased up to 19% when 4% of GNPs were added. The improvement in the physical properties is due to the increase in the bonding strength after the homogeneous dispersion of GNP layers in the binder, which restricts the flow of bitumen and makes it stiffer [18] . The extremely small size and high surface area of GNPs enable them to form a strong bond with bitumen, which leads to a reduction in the penetration value and an increase in the softening point [19] . A massive reduction in the ductility was also recorded in the case of GNP-modified binder, which can be attributed to increased stiffness [20] . The trend in the physical properties of the GNP-modified binder indicates an enhancement in its high-temperature performance.
Rheology of the Binder
Frequency Sweep Test
Rheological changes were observed in the asphalt binder upon the addition of GNPs. An increase in the complex shear modulus and a decrease in the phase angle values were recorded. Figures 6  and 7 show the Master Curves for the Complex Shear Modulus and Phase Angle, respectively. It is evident in Figure 6 that modification of the binder with GNPs has led to an increase in the complex modulus. The increment in the complex modulus was more pronounced when 4% of GNPs were added in comparison to 2%. Figure 7 shows a decrement in the phase angle, which is more prominent at a low frequency/high temperature. A maximum decrease in the phase angle was observed for the higher weight content of the GNPs. The value of the Superpave rutting factor also increased massively at a low frequency upon modification of the binder. This showed the same trend as the Complex Shear Modulus.
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Rheology of the Binder
Frequency Sweep Test
Rheological changes were observed in the asphalt binder upon the addition of GNPs. An increase in the complex shear modulus and a decrease in the phase angle values were recorded. Figures 6 and 7 show the Master Curves for the Complex Shear Modulus and Phase Angle, respectively. It is evident in Figure 6 that modification of the binder with GNPs has led to an increase in the complex modulus. The increment in the complex modulus was more pronounced when 4% of GNPs were added in comparison to 2%. Figure 7 shows a decrement in the phase angle, which is more prominent at a low frequency/high temperature. A maximum decrease in the phase angle was observed for the higher weight content of the GNPs. The value of the Superpave rutting factor also increased massively at a low frequency upon modification of the binder. This showed the same trend as the Complex Shear Modulus. The reason behind the increase in the complex modulus can be attributed to the high elasticity and the large surface area of the nanoparticles, which gives them a higher affinity to bond with the functional groups of the binder [21] . A cover is created, which helps in preventing the viscous nature of bitumen and causes a delay in the conversion of the elastic behavior to the viscosity at a high temperature [22] . The downward shift of the phase angle can also be attributed to the elasticity of the GNPs. The elastic behavior of the asphalt binder contributes to the rutting resistance. Increasing the GNP content intensifies the increase in the complex modulus and the decrease in the phase angle.
The increase in the Superpave rutting factor can be explained by the fact that the extremely small size of the GNPs leads to an increase in Van der Waals interaction energy between the GNPs and the asphalt binder [23] . This results in a more stable asphalt binder. The enhancement in the Superpave rutting factor due to the addition of the GNPs validates the improvement in the deformation resistance at a high temperature. The reason behind the increase in the complex modulus can be attributed to the high elasticity and the large surface area of the nanoparticles, which gives them a higher affinity to bond with the functional groups of the binder [21] . A cover is created, which helps in preventing the viscous nature of bitumen and causes a delay in the conversion of the elastic behavior to the viscosity at a high temperature [22] . The downward shift of the phase angle can also be attributed to the elasticity of the GNPs. The elastic behavior of the asphalt binder contributes to the rutting resistance. Increasing the GNP content intensifies the increase in the complex modulus and the decrease in the phase angle.
Rutting Resistance
The increase in the Superpave rutting factor can be explained by the fact that the extremely small size of the GNPs leads to an increase in Van der Waals interaction energy between the GNPs and the asphalt binder [23] . This results in a more stable asphalt binder. The enhancement in the Superpave rutting factor due to the addition of the GNPs validates the improvement in the deformation resistance at a high temperature.
The Wheel Tracking Test was performed at two temperatures (40 • C and 55 • C). Figures 8 and 9 show the relationship between the number of passes and the rut depth for all of the samples. The results depict an enhancement in the rut resistance of the asphalt following the addition of the GNPs. The increment in the rut resistance is more pronounced at 55 • C, where the rut depth decreased from 7.3 mm to 4.7 mm after the addition of 4% of GNPs. At 40 • C, the rut depth decreased from 2.8 mm to 2.59 mm when 2% of GNPs were added, and further decreased to 2.45 mm following the addition of 4% of GNPs. Table 6 shows the results of the Wheel Tracking Slope. It can be seen that, with the increase in the content of the GNPs, the values of the slope decrease at 55 • C and remain constant at 40 • C. A decrease in the slope means that there is an increase in resistance to a permanent deformation [24] . According to the results, the maximum resistance to a permanent deformation can be achieved at 55 • C by adding 4% of GNPs. Due to the high surface area of the GNPs, they are reactive and form a strong bond with bitumen, imparting strength [25] . The GNPs may also act as filler, increasing the structural asphalt and significantly reducing the temperature susceptibility of asphalt [26] . 
Dynamic Modulus
The Dynamic Modulus Test was performed using NU-14 at 40 • C and 55 • C. Figures 10 and 11 show the relationship between the frequency and the dynamic modulus for the samples at both of the temperatures. Dynamic Modulus is a direct measure of the rut resistance. It is evident from the results that the value of the Dynamic Modulus is higher for GNP-modified asphalt. Asphalt modified with 4% of GNPs gave the highest values of Dynamic Modulus, regardless of the temperature and loading conditions. The same trend has been observed in the Wheel Tracking Test too. In general, the values of the Dynamic Modulus at 55 • C are lower than the values at 40 • C, which indicates a greater rut susceptibility at a high temperature. It can also be seen that the load response lag phenomenon is quite obvious when the loading frequency increases. This indicates that the Dynamic Modulus or strength of the asphalt mixture increases with an increment in the loading frequency [27] . The well-dispersed GNPs can provide support to asphalt by increasing the interaction and adhesion strengths within it [28] . These effects may lead to an increase in the Dynamic Modulus and resistance to the rutting of GNP-doped asphalt.
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Moisture Susceptibility
The percentage of bitumen coverage was noted after 6, 24, 48, and 72 h during the rolling bottle test. Figure 12 is the graphical representation of the relationship between the time of rolling and the percentage of bitumen coverage. Figure 13 shows the affinity between the bitumen and aggregate after 72 h of rolling. The rolling bottle test is a measure of the binder's moisture susceptibility. A 
The percentage of bitumen coverage was noted after 6, 24, 48, and 72 h during the rolling bottle test. Figure 12 is the graphical representation of the relationship between the time of rolling and the percentage of bitumen coverage. Figure 13 shows the affinity between the bitumen and aggregate after 72 h of rolling. The rolling bottle test is a measure of the binder's moisture susceptibility. A higher percentage of bitumen coverage indicates a strong adhesive bond between the binder and the aggregate, as well as a high resistance of the binder to moisture damage. It is evident from the results that, after the completion of the test, the percentage of bitumen coverage for the base binder was 15%. It then increased to 60% when 2% of GNPs were added. For the binder modified with 4% of GNPs, it jumped to 70%. The extremely small size of the GNPs gives them a larger surface area compared to their parent material, which results in the increase of their affinity to form a strong bond. Thus, GNPs have the ability to absorb more free asphalt binder and maximize the quantity of the structural asphalt [26] . The results prove that the addition of GNPs leads to an increased adhesion between the binder and aggregate, making the asphalt highly resistant to moisture. 
Bitumen Bond Strength
The idea of the PATTI was first conceived by the paint industry. It determines the POTS of the binder while keeping a constant loading rate of 0.69 MPa/s. Figure 14 shows the testing assembly. It has been learned, from the results presented in Table 7 , that an increase in additive content produces a higher Bitumen Bond Strength. When 2% of GNPs were added to the binder, the POTS increased significantly from 8.76 MPa to 11.95 MPa. With the addition of 4% of GNPs, it further increased to 13.66 MPa. The mode of failure for all of the samples was cohesive, i.e., bitumen-bitumen interface breakage. The reason behind the increment in the tensile strength of the binder can be attributed to the increased surface texture of the GNP-modified asphalt binder [29] . This is because a rough binder surface is obtained when nanoparticles are added to it, due to more particle interlocking. The elasticity of the nanoparticles also plays a part in enhancing the tensile strength of the binder. Thus, it is evident that the GNPs improve the adhesive and cohesive bond strength of the asphalt binder. 
The idea of the PATTI was first conceived by the paint industry. It determines the POTS of the binder while keeping a constant loading rate of 0.69 MPa/s. Figure 14 shows the testing assembly. It has been learned, from the results presented in Table 7 , that an increase in additive content produces a higher Bitumen Bond Strength. When 2% of GNPs were added to the binder, the POTS increased significantly from 8.76 MPa to 11.95 MPa. With the addition of 4% of GNPs, it further increased to 13.66 MPa. The mode of failure for all of the samples was cohesive, i.e., bitumen-bitumen interface breakage. The reason behind the increment in the tensile strength of the binder can be attributed to the increased surface texture of the GNP-modified asphalt binder [29] . This is because a rough binder surface is obtained when nanoparticles are added to it, due to more particle interlocking. The elasticity of the nanoparticles also plays a part in enhancing the tensile strength of the binder. Thus, it is evident that the GNPs improve the adhesive and cohesive bond strength of the asphalt binder.
Surface Texture of the Binder-Coated Aggregates
The images to study the surface texture of aggregates coated with GNP-modified asphalt binder were taken both from a digital camera and an SEM. Figure 15 shows the images of a piece of aggregate coated with base binder. Figure 16 shows the images of GNP-modified asphalt binder. 
The images to study the surface texture of aggregates coated with GNP-modified asphalt binder were taken both from a digital camera and an SEM. Figure 15 shows the images of a piece of aggregate coated with base binder. Figure 16 shows the images of GNP-modified asphalt binder. It can be observed from the images that the surface of the aggregate coated with GNP-modified binder is rough in comparison to the one coated with the base binder. This is because nanoparticles add their nano-texture to the surface, which is also the reason that nanoparticles are used to make the pavement surface rough in order to increase its skid resistance [30].
Skid Resistance and the Polishing Effect
A British Pendulum Skid Resistance Tester was used to obtain the BPNs of the asphalt samples. Table 8 shows the results of the Skid Resistance test. It has been established from the results that the asphalt modified with GNPs has a higher skid resistance in comparison to non-modified asphalt. The reason behind this is the nano-texture provided by the GNPs. It can be observed from the images that the surface of the aggregate coated with GNP-modified binder is rough in comparison to the one coated with the base binder. This is because nanoparticles add their nano-texture to the surface, which is also the reason that nanoparticles are used to make the pavement surface rough in order to increase its skid resistance [30].
A British Pendulum Skid Resistance Tester was used to obtain the BPNs of the asphalt samples. Table 8 shows the results of the Skid Resistance test. It has been established from the results that the asphalt modified with GNPs has a higher skid resistance in comparison to non-modified asphalt. The reason behind this is the nano-texture provided by the GNPs. The reduction in the skid resistance due to the polishing of the asphalt surface (caused by the continuous movement of the wheel) is also lesser for GNP-doped asphalt. In the case of the non-modified asphalt, the reduction in the skid resistance was around 47%. On the other hand, the reduction in the skid resistance in the case of 2% and 4% GNP-modified asphalt was 27% and 28%, respectively. This is due to an increase in the stiffness of the GNP-modified binder which improves the structural performance of highways [18] . An improved structural performance ensures the intactness of the macrotexture, resulting in a high skid resistance [10] .
Typically, BPN values are obtained in the field after the pavement has been subjected to traffic but, in this case, they were obtained in a laboratory to compare the skid resistance of GNP-doped asphalt with that of conventional asphalt. It is pertinent to mention here that the focus of this investigation was to determine the effect of the surface texture/roughness provided by the GNPs on the skid resistance of the asphalt.
Conclusions
In this study, Graphene Nano-Platelets (GNPs) were added to asphalt to modify its properties. Various tests were carried out to study rheology, moisture susceptibility, temperature susceptibility, bond strength, and skid resistance of the GNP-doped asphalt in comparison to conventional asphalt. Based on the results of the performance testing, the following conclusions have been drawn:
•
In comparison to other nanomaterials, Graphene Nano-Platelets are easy to disperse. Unlike GNPs, other nanoparticles (i.e., CBNPs and CNTs) either require high shear mixing or solvent-based dispersion. The usage of smaller percentages of GNPs produces more pronounced results than with other nanoparticles [31] . GNPs save the cost of solvent and high shear mixing, making it possible for pavement engineers to use GNPs for asphalt modification on a larger scale.
As per the results of conventional testing, GNPs have the potential to reduce the penetration value of asphalt binder by up to 48% and increase its softening point by up to 19%. The enhancement in these properties can be attributed to the small size and large surface area of GNPs, which aids in stronger bonding. The lower softening point values of the locally produced non-modified binders make them susceptible to rutting during the summers. Upon the addition of 4% of GNPs, the softening point increases to 57 • C, which is desirable due to the high temperature in Pakistan.
According to the result of the storage stability test, GNP-modified asphalt binder is stable and can be stored for longer periods without the settling down of the nanoparticles. This makes it suitable for use in the pavement industry.
• Upon the addition of 4% of GNPs, PG 70 is achieved, which caters to the environmental conditions of Pakistan [13] .
The study of the rheology of the binder shows a significant increase in the stiffness properties of the GNP-modified binder. A maximum increase in the complex shear modulus and a decrease in the phase angle is recorded when 4% of GNPs are added to the binder. The Superpave rutting factor also increases for the GNP-doped asphalt binder, suggesting a better performance at a high temperature. The elastic nature of the GNPs contributes to this improvement.
The optimum binder content (OBC) increases with an increase in the content of the GNPs. This trend shows that the initial cost of GNP-modified asphalt would be slightly more than conventional asphalt. But, by observing the modified asphalt performance in the results, we can conclude that doping asphalt with GNPs would reduce the life cycle cost of the pavements. This is due to the fact that pavements in Pakistan fail prematurely. A highway section designed for 20 years sometimes fails within the first two to three years of service because of excessive deformations during summers. GNP-doped asphalt pavements would require far less frequent maintenance or reconstruction cycles, thus positively affecting the life cycle costs.
The addition of GNPs significantly reduces the temperature susceptibility and increases the resistance to permanent deformation. GNP-modified asphalt shows around a 35% reduction in the rut depth at a high temperature. At 55 • C, the wheel-tracking slope (WTS) decreased from 0.58 to 0.35 when 4% of GNPs were added to the asphalt binder. This reduction in the WTS is also suggestive of high resistance to permanent deformation.
GNPs act as supporting material in asphalt and give it strength, similar to a steel reinforcement in concrete. This leads to an increase in the dynamic modulus of the asphalt. The dynamic modulus of GNP-modified asphalt is around 21% higher than that of non-modified asphalt, which represents a greater resistance to permanent deformation.
GNPs significantly reduce the moisture susceptibility of asphalt. The addition of 2% and 4% of GNPs to the binder increases the percentage of bitumen coverage from 15% to 60% and 70%, respectively. This could be due to the high surface area of the GNPs, which lets them absorb the free or available asphalt binder, imparting structural strength to the asphalt [30] . A reduction in the moisture susceptibility indicates high durability of the asphalt.
The bitumen bond strength test carried out using a PATTI shows that GNPs contribute to improving the adhesive and cohesive bonding of asphalt. The addition of GNPs to binder leads to an increase in the Pull-Off Tensile Strength of around 60%. This can be attributed to the hydrogen bonds and Van der Waals forces in nano-hybrid material [31] .The addition of GNPs improves an important safety parameter, the skid resistance, and also increases the asphalt resistance against polishing. The inclusion of the GNPs decreased the percentage reduction of the skid resistance due to polishing from 47% to 27%. GNPs impart nanotexture to the asphalt, which contributes to enhancing the skid resistance.
The current research on the use of nanomaterials in asphalt mixtures is being carried out in two phases. The first phase involves the laboratory characterization of selected materials. The second phase includes the field investigation through the formation of test tracks in the field exposed to the actual environmental or traffic conditions. This paper presents the findings of the first phase only. The materials shortlisted during the first phase will be subjected to field investigation in the second phase. The handling and transportation of a stiff binder in the field will also be studied. Enhancing the skid resistance of asphalt using GNPs is a new concept and needs further exploration. This will also be carried out in the second phase.
